Currently, regular histopathology and immunohistochemistry are commonly taken for granted in the diagnosis of Cutaneous Malignant Melanoma (CMM). In addition, attempts at molecular diagnosis in dermatopathology have benefited from advances in pathobiology genomics and proteomics. They provide utmost information for optimal patient care. Sensitive techniques detect specific DNA and RNA sequences, and molecular methods were refined in the field of polypeptides. This review aims at covering on an overall glance about molecular genetics available as diagnostic supports in CMM. Laboratory methods have disclosed and highlighted some pathogenic pathways of atypical melanocytic neoplasms with particular emphasis on the activation of the Mitogen-Activated Protein Kinase (MAPK) signalling pathway (including BRAF and KIT) during the initiation step of the neoplasms. Many familial CMM contain mutations of the tumor suppressor gene p16 or CDKN2A. In addition, mutations in p53 are found in distinct CMM types. Many CMM are likely related to a variety of common low penetrance genes. Molecular dermatopathology represents a promising tool for both research and diagnosis. Knowledge of tumor mutation status is becoming increasingly important. The expected benefit of molecular dermatopathology tends to ultimately improve the targeted patient management. Such method evolution points to a need for improving the routine training requirements for dermatopathologists involved in cancer diagnostic responsibilities.
Introduction
Cutaneous Malignant Melanoma (CMM) is commonly a deadly and most chemoresistant form of skin cancer. It surges following some specific genetic and environmental impacts leading to oncogenic transformation of normal regular melanocytes. The problem is real at the present time because CMM incidence is steadily rising worldwide [1] . Identifying CMM with confidence is commonly assessed after careful microscopic examination. However, routine histopathology occasionally remains a challenging procedure in this field [2] . It is hindered by a set of clinical and histopathological limitations in both repeatedly defining objective criteria, and drawing-up are undisputable diagnostic consensus. The problem is more complex for occult or clinically undetectable micrometastases. Some of them correspond to single CMM cells disseminated at distance from larger tumors. They represent hypothetical dormant metastases [3] or conversely active proliferating cells responsible for neoplastic deposits corresponding to for future clinically recognizable metastases [4] . The disease-free interval occasionally extend over 10-40 years.
Translational research is essential and newsworthy to innovations in CMM care. Over recent decades, CMM immunopathology shifted the diagnosis process from descriptive morphology to more accurate information focusing on neoplastic cell phenotype and proliferation rate [4 -6] . Currently, immunopathology helps distinguishing among a set of atypical melanocytic neoplasms, and supports attempts to precise CMM staging [4] [5] [6] [7] [8] [9] [10] [11] . The aspect of the peritumoral stroma is moreover informative [12, 13] . However, predictive markers of therapeutic response are not yet established by these methods so far. Of note, in depth research pushes CMM diagnosis beyond regular microscopy to the domains of molecular biology and molecular morphology. They are focused on mutations in DNA, RNA and proteins. Such specific and sensitive procedures applied to CMM help refining the diagnosis, classification, outcome prediction, as well as selection and monitoring of therapy [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
the epidermal growth factor receptor (EGFR), the Stem Cell-Like Factor (SCF) receptor KIT, Wnt/b-catenin, Notch, stromal cellderived factor-1 (SDF-1)/CXC Chemokine Receptor-4 (CXCR4) and vascular endothelial growth factor (VEGF)/VEGFR receptor [23, 31, 32] . Such growth factors cooperate and activate distinct parts of the tumorigenic downstream signalling paths and various Epithelial-Mesenchymal Transition (EMT)-associated molecules, including phosphatidylinositol 3'-kinase (PI3K)/Akt/ molecular target of rapamycin (mTOR), nuclear factor-kappa B (NF-kB), macrophage inhibitory cytokine-1 (MIC-1), vimentin, snail and twist [26] .
In short, approximately 50 % of CMM harbor an activating BRAF mutation that leads to constitutive activation of downstream signalling through the MAPK pathway [33] . About 90 % of these mutations result in the substitution of glutamic acid for valine at codon 600 (designated as the BRAF V600E mutation), although other activating mutations (e.g. BRAF V600K and V600R) are disclosed. In addition, activating mutations in the KIT gene [34] , which encodes a receptor protein kinase in the MAPK pathway, are identified in limited but distinct subsets of CMM arising from the mucous membranes, acral skin and chronically sun-damaged skin [35] .
This review revisits insights in molecular dermatopathology focusing on the pathogenesis and diagnosis of CMM. It mainly targets molecular genetics referring to the molecular structure and the function of chromosomes. The covered methods are primarily used both for research projects and diagnostic purposes.
Dedicated CMM sampling methods
Detection of single CMM cells in the skin by immunocytochemistry is technically possible. More recently molecular detection procedures have been used increasingly to identify disseminated CMM cells in organs remote from the primary tumor. On principle, cDNA of disseminated tumor cells is amplified millions of times following the Polymerase Chain Reaction (PCR). Hence, discrete amounts of such tumor cells are possibly detected. However, tumor cells must exhibit specific changes in its genome or mRNA expression pattern helping its distinction from the surrounding cells. As solid tumors are notable for their genetic heterogeneity, the detection of tumorspecific genomic changes at the single cell level remains complex. Each individual primary CMM must be genotyped so that the corresponding patient-specific genetic lesion is conveniently identified and the appropriate PCR probes (primers) selected.
Dual dedicated sampling methods are especially useful for molecular dermatopathology [23] . First, laser cutting dissection helps to circumscribe under the microscope some cell populations thus increasing the homogeneity of tissue isolates based on morphological criteria [36, 37] . Second, tissue microarrays represent ordered sets of minute tissue core collections (from 0.6 mm to 1.0 mm in diameter) obtained from diverse specimens embedded in a single paraffin block [7] . Comparative, immunohistochemistry and a range of molecular methods are conveniently applied to tissue microarrays. Different CMM samples at different stages of progression are possibly used for disclosing distinct successive molecular alterations. Sequential biopsies and molecular profiling are other important tools both in research and CMM care. They shed some light on mechanisms underlying CMM progression and help to set up appropriate treatment strategies for patients.
Cell suspensions form blood marrow and peripheral blood are possibly used in molecular detection for identifying disseminated CMM cells. To reduce risk of contaminations, various steps of procedure including post-PCR steps are occasionally performed in different laboratories from that used for RNA extraction, cDNA synthesis and preparation of PCR mixtures.
Molecular morphobiology
Various molecular methods have been designed over time. The goal of molecular biology techniques is to improve the sensitivity and specificity in this field of diagnostics. To this end, two general types of molecular targets are distinguished:
1.Germline mutations in predisposition genes are searched for estimating individual risk, but they are not suited for staging purposes.
2.Tumor-specific gene mutations provide grading information with prognostic value. However, their complex mutation pattern does not allow for allele-specific amplification, making it difficult to identify mutated alleles in a high background of wild type alleles. However, the detection of these mutations is feasible using capillary electrophoresis.
The technology disclosed about detect 1/10 5 -1/10 6 mutated alleles.
Chromosomal G banding method
The Chromosomal G Banding (CGB) method discloses some gross aberrations in chromosomes under microscopic examination [23] . CMM cell cultures are observed after metaphase freezing of mitotic figures. Enzyme digestion and histochemical staining reveal CGB. Of note, subtle chromosomal aberrations including point mutations, small insertions and discrete deletions, as well as subtle rearrangements commonly remain undisclosed using the CGB method.
In situ hybridization
In situ hybridization (ISH) demonstrates morphological aspects of specific DNA and RNA sequences in either tissue sections, single cells or chromosome spreads [38, 39] . Labeled single or double strands of DNA or RNA sequences containing complementary sequences hybridize to DNA or RNA under appropriate conditions to form stable hybrids [38] . The probe length for ISH optimizes tissue penetration and high hybridization rate.
Primed in situ (PRINS) labeling relies on a primer-mediated DNA synthesis carried out in situ on tissue sections. The procedure starts with annealing an oligonucleotide DNA primer adjacent to the target DNA region. Such molecular structure serves as a primer for the Tag polymerase incorporating the four nucleotides dATP, dGTP, dCTP and the labeled dUTP which is conveniently revealed using immunohistochemistry.
The ISH and PRINS methods are used for localizing DNA sequences and specific mRNA in cells and tissues, as well as visualizing chromosomes for interphase cytogenetics and detection of specific mRNA. Thus, ISH and PRINS methods were developed using chromosome-specific probes or oligonucleotides for detecting the density and nature of chromosome aberrations in interphase nuclei.
FISH method
Fluorescence in situ hybridization (FISH) results from hybridization of fluorescent complementary DNA probes recognizing specific genes and DNA oligonucleotides [40, 41] . It is performed either on fresh or formalin-fixed tissue sections, nuclei spreads or tissue microarrays. Probes correspond to sequences of the whole genome, centromeres, telomeres and specific gene regions. FISH targets mutated cells including those at distance from clinically recognized CMM. The number of spots per nucleus is expected to correspond to the copy number of the scrutinized chromosome locus. A translocation is detected by a spot splitting into distinct parts, or by different fluorescent probes that hybridize on each part of the translocated genes. Sets of FISH variants were developed in various ways. The methods allow detecting subtle chromosome aberrations in CMM [42] [43] [44] [45] [46] .
One pitfall of the FISH method results from the limited entrapping of the nuclei volume in the tissue sections causing technical omissions of chromosomal segments. Hence, a number of nuclei have to be scrutinized before ensuring reliable assessments of the copy number of the investigative probe [47, 48] .
CGH method
Comparative genomic hybridization (CGH) matches DNA from a melanocytic tumor to DNA from a normal control tissue from the same patient. The CGH method is performed using fresh or formalin-fixed tissue [42, 49] . The DNA labeled with fluorochromes is next hybridized on normal metaphase chromosomes or on arrays of small spots of DNA. Data are expressed as a gain or loss of copy number [50] . CGH helps identifying some genome aberrations and imbalances in CMM [51, 52] , but only when genome aberrations are enough expressed in neoplastic cells [37] . CGH is mainly used in research settings [53] where it identifiers genome signatures distinguishing different melanocytic tumors. Of note, Spitz nevi (melanocytomas) [54, 55] at the difference with CMM contain genetic aberrations corresponding to single 11p gains. CMM arising in congenital melanocytic nevi show CGH patterns comparable to regular CMM, while some other atypical melanocytic neoplasms (melanocytomas) contain a number of aberrations of entire chromosomes, which are seen only in a minority of CMM [35] .
Gene microarray method
Gene microarrays target RNA and microRNA (miRNA) expression [49] . They also scrutinize DNA mutations and polymorphism [56, 57] . Indeed, mutations altering proteins as a result of amino acid substitution differ from silent mutations (polymorphism) affecting a given amino acid. The gene microarray method involves immobilization of selected specific DNA sequences on a solid platform, to which complementary labeled DNA hybridizes. The immobilized DNA corresponds to either oligonucleotides or complementary DNA. The labeled DNA is obtained from reverse-transcription of RNA extracted from the test tissue. Following the hybridization process, the labeled spots are scrutinized. The complexity of interpreting the multiple data requires refined statistical analysis and computerized mathematical models.
Gene micro arrays establish a molecular classification of CMM and melanocytic nevi [58] [59] [60] . In such screening procedure, many different gene signatures are found between melanocytic nevi and CMM.
PCR and RT-PCR methods
PCR substrate corresponds to DNA. Reverse transcriptase polymerase chain reaction (RT-PCR) uses RNA (reverse transcription and amplification), extracted from fresh or formalin-fixed tissue. A chemical reaction driven by cyclic thermal changes leads to a specific and exponential amplification of small fragments of the target DNA or RNA over a short period of time. Solid CMM tumors are notably enriched a large genetic heterogeneity. Hence the detection of tumor-specific genomic changes at the single cell level is complex. Each individual primary CMM should be suntinized and identified for the genotype and the selected PCR primer probes.
PCR identifies CMM micrometastases using some selected markers [23, 61] . Indeed, molecular detection procedures help identifying dissemitted CMM cells in organs remote from the primary tumor. Their DNA is massively amplified by PCR, and that any minute amount of CMM cells is detected when they harbor specific alterations in their genome or mRNA expression pattern for a distinction from surrounding regular cells. The specificity of CMM cell identification represents a great challenge. The detection of micrometastases holds great promise for CMM staging. The identification of single CMM cells is possible in tissue and bodily fluids in both experimental and clinical samples. mRNA expression is distinctly upregulated by diverse cytokines and growth factors. The different levels of background expression makes the diagnostic specificity of RT-PCR tests difficult to assess. In addition, there is a great variety of methods for sampling, specimen processing, nucleic acid recovery and test conditions making impossible any comparison of data.
While immunohistochemistry improves the sensitivity in metastasis detection compared with regular histopathology, RT-PCR for CMM-related marker gene expression, like tyrosinase and Melan A-Mart-1, was reported to increase the detection of suspected occult metastases up to 70% [23] . Indeed, RT-PCR is expected to detect one CMM cell out of 10 6 -10 7 non-CMM cells, while immunohistochemistry probably detects one CMM cell in about 10 4 -10 5 non-CMM cells [20] . The relevance of PCR detection of CMM micrometastases in lymph nodes was, however, challenged because of the apparent lack of relevant prognostic value of the findings. Indeed, in addition to the identification of CMM micrometastases within sentinel lymph nodes, both the size and location of the metastasis should be assessed [62] [63] [64] [65] [66] [67] . Thus, the role of non-microscopic methods for investigating the sentinel lymph node currently remains uncertain. In such assessments, histopathology reveals the location, size and nature of the suspected CMM cells. Misinterpretation of nodal nevus cells as a metastasis is unlikely.
Currently, detection of single tumor cells by amplification of tissue-specific gene expression using RT-PCR is the most sensitive technique, using mRNA reverse transcription and amplification of gene expression specifically associated CMM cells. Hence, RT-PCR represents the molecular level of tumor markers known in immunochemistry, but with a higher analytical and diagnostic sensitivity. A number of markers and their use in detecting micrometastases have been described.
Standardization is difficult in RT-PCR. The background on RNA expression by normal cells in the sample is difficult to control as well as the stochastic effects governing the data of single RT-PCR reactions.
In situ PCR-based amplification of target nucleic acid sequences is possible before performing ISH. In situ PCR is performed on cell suspensions or tissue sections fixed and permeabilized, respecting the morphology and allowing access of PCR probes to the intranuclear sequences to be amplified. Cell suspensions or tissue sections are overlaid with PCR reagents, sealed off with a coverslip and submitted to thermal cycling. PCR products are detected using PCR probes (indirect in situ PCR) or through direct detection of labeled nucleotides incorporated into PCR products (direct in situ PCR).
MLPA method
Multiplex Ligation-Dependent Probe Amplification (MLPA) relies on annealing a set of probes. Each of them corresponds to a pair of oligonucleotides that hybridize next each other on a specific chromosome site [68] [69] [70] [71] [72] . In addition to target-specific sites, both oligonucleotides contain a universal PCR primer. One oligonucleotide harbors a stuffer sequence with a probespecific length. Following ligation of the hybridized adjacent oligonucleotides, the probe is amplified using PCR primers. As each probe has a unique length due to its stuffer sequence, electrophoresis points to the amount of PCR product related to the DNA copy number. Mutation-specific MLPA combines copy number detection and hot-spot mutations in a single assessment 8 . Different CMM types are possibly distinguished [73] .
HRMA method
High-resolution melting analysis (HRMA) is a rapid method based on DNA dissociation after heating. It allows to detect single base pair sequence variations [74] . Hot-spot mutations and mutated cells are detected when present in over 5% of a background of cells showing wild-type DNA [75, 76] .
Germline and somatic CMM mutations
Multiple dysplastic nevi are a marker of CMM risk and other cancer susceptibility as well. Presence of a set of dysplastic melanocytic nevi associated with increased CMM risk predominantly occur in families with p16 (CDKN2A) mutations [71, 77] . CMM is therefore likely to share cancer genes with other neoplasms because CMM is common in the family cancer syndrome. However, searching for such p16 mutations is clinically inrelevant in other CMM patients due to the weak probability of detecting the mutation [78] . A number of different p16 mutations have been reported so far [79] . The prevalence of familial p16 mutations is linked to the number of CMM in relatives. Globally, p16 mutations are present in 25-40% of CMM families with more than two CMM, while the proportion of p16 mutations is lower in families with two CMM only [79] . In addition, individuals with multiple primary CMM are more likely to have p16 mutations [80] .
The p16 gene produces two different polypeptides, identified is the p16/INK4a and the p14/ARF proteins. Both of them in part control the cell cycle of proliferation. The exon mutation leads to alteration in the p16 and/or p14 functions. In contrast, most non familial sporadic CMM appear unrelated to germline p16 mutations. A set of other common genes of lower penetrance is probably involved in sporadic CMM. Such mutations increase with the disease progression [81] .
Genetic aberrations in CMM correlate with some specific phenotypes. Individuals with BRCA2 and BRCA1 mutations present an increased risk of CMM [82, 83] .
The progression from a regular melanocyte to a CMM cell includes some morphological changes, and a set of yet unravelled genetic aberrations. Both the MAPK signalling pathway [33] and the PTEN/AKT pathway are involved in the growth control (proliferation, apoptosis) of melanocytes. Activation of these pathways following somatic mutations in the RAS and RAF genes likely represent one of the initial steps in the development of melanocytic nevi. The BRAF oncogene on the 7Q34 chromosome part is commonly mutated in the majority of CMM, but is absent in giant congenital melanocytic nevi [84, 85] Although some dozens of different BRAF mutations have been identified in 24 different codons, each mutation is usually rare. The V600E mutation in exon 15 is notably dominant, and accounts for most of the mutations in CMM. V600 is also possibly, mutated in other parts including V600K (≈ 16%) and V600R or V600D (≈ 3%). Rare mutations of neighbouring codons in BRAF exon 16 are also identified [86] . Thus, PCR amplification of BRAF exon 15 followed by conventional dideoxy sequencing is commonly used for the identification of BRAF mutations. However, this method suffers from limited sensitivity for detecting BRAF mutations that are present in low percentages (<20 %) in a sample [86] . This could occur when a specimen is heavily contaminated by non-CMM tissues or due to the intratumor heterogeneity in BRAF V600 mutations [86] . Thus, to avoid false-negative results by sequencing, microdissection of formalin-fixed paraffinembedded sections to enrich CMM cells before DNA extraction is recommended. This is particularly important when genotyping is performed using thin primary CMM tissues.
A number of sensitive methods are available for detecting BRAF V600E mutations. However, the level of validation and characterization of these tests is variable [87] . Real-time PCR uses complementary primers that define a 116-base pair sequence of human genomic DNA containing the BRAF codon 600 site in exon 15 and two fluorescent oligonucleotide probes. One probe detects the wild type BRAF V600 sequence, and the other detects the V600E mutation sequence.
CMM with multiple melanocytic nevi and BRAF mutation occur more frequently at a younger age and on intermittently sun-exposed sites [86] . By contrast, p53 mutations are more common in lentigo maligna and CMM developed on chronically sun-exposed sites of older patients exhibiting prominent actinic damages [86] . Distinct somatic gene mutations such as at the cKIT locus were identified in other CMM, particularly those on the mucosa, palms and soles and in the hyperpigmented CMM variant [82] . Genes potentially involved in CMM metastases include BRAF and RAS of the MAPK pathway [89] . CMM therapies targeting the BRAF and cKIT pathways call for genotyping CMM in order to select the proper patients [90] [91] [92] [93] [94] [95] .
Blue nevi, Spitz melanocytomas, congenital melanocytic nevi and uveal CMM do not or rarely contain BRAF mutations. By contrast, they contain other mutations such as in the NRAS or HRAS genes. In addition, somatic mutations of GNAQ in the RAS-like domain were found in both uveal CMM and blue nevi. Similarly to BRAF mutations, the RAS and GNAQ mutations possibly cause MAPK activation and form an alterative route for melanocytic neoplasia. Even if these mutations represent early events in the development of melanocytic neoplasms, they do not cause melanocytic progression towards CMM.
While activating BRAF mutations are common in CMM on non-chronic sun damaged skin, activating mutations in KIT have been found in CMM originating from acral skin, mucosa and or sum-protected skin. Over 20 KIT mutations have been identified in CMM, most of which are point mutations causing a leucine to proline substitution at codon 576 in exon 11. They correspond to about one third of KIT mutations in CMM [92] . As mutations affect multiple codons, conventional sequencing following PCR amplications of exons 11, 13, 17 and 18 is necessary to identify KIT mutations. Some CMM harbor KIT mutations in exon 11, and less commonly in exons 13, 17 and 18. Mutations in exon 9 have not been reported in CMM. Immunohistochemical detection of KIT protein using anti-CD117 antibody does not reliably predict the KIT mutation status [31, 96] .
Heterogeneity in BRAF and KIT mutations
In CMM, the intertumoral heterogeneity of BRAF V600E mutations has been demonstrated using paired samples of primary CMM, and single or multiple metastases obtained from the same patient [94, 97] . This is likely explained by the intratumoral heterogeneity of BRAF mutations in primary CMM that is, both BRAF wild-type cells and BRAF mutated cells coexist in primary CMM, and both subclones could give rise to metastasis. Such intertumor heterogeneity has significant implications when using RAF kinase inhibitors, because, in contrast to BRAF V600E CMM cells, BRAF wild-type cells are resistant to, and are even stimulated by, RAF kinase inhibitors [98] .
Similar intertumor heterogeneity of KIT mutations has also been demonstrated in limited series of cases. KIT genotypes were different between primary tumors and corresponding lymph node metastases [85] .
Instead of genotyping tumor tissues that show intertumor genetic heterogeneity, examining circulating tumor cells in peripheral blood provides valuable information for molecular targeted therapy. Molecular characterization of circulating tumor cells supports a strategy for real-time noninvasive monitoring for tumor genotypes which is conveniently repeated during the course of therapy to monitor the emergence of drug-resistant mutations.
Conclusion
The spontaneous evolution of CMM is dramatic. The biology of its constitutive cells is complex and terogeneous in each tumor and the significance of micrometastases is poorly understood. Attempting to cope with each features call for dermatopathology including immunohistochemistry and various types of molecular procedures. CMM differs from other skin cancers because of the greater potential to discriminate to distant organs. Most of the molecular advances available in dermatopathology usually remain research-based approaches. In such settings, molecular diagnosis appears increasingly important for predicting the biological behavior of CMM [13] . Indeed, understanding CMM biology is crucial for the development of active target therapies. Some markers are correlated with poor prognosis. Translational research indicates that CMM tumors correspond to genetically heterogeneous neoplasms with different risk phenotypes and genotypes.
About 60% of all CMM express somatic mutations in the BRAF protein, and the vast majority of these neoplasms express the oncogenic activating V600E mutation. Clearly, with the recognition of such molecular defects, and treatment with BRAF inhibition, a larger number of the metastatic CMM patients experience neoplastic shrinkage and improved clinical benefits. The identification and blocking of abnormal signalling through the MAPK pathway represent improved therapeutic strategy. However, despite the advances in translational research, many current therapeutic responses remain transitory. Molecular biology should contribute to elucidate the resistances to targeted therapies, and how to block the reactivation of the MAPK pathway following initial success in BRAF inhibition. Other molecular influences such as those related to genders, are further involved in CMM initiation [99] .
